techniques of renal revascularization have changed the landscape of renovascular disease during the past decade. This has been particularly true for atherosclerotic renal artery stenosis, which remains one of the most common conditions known to accelerate hypertension and one of the most common incidentally detected vascular lesions. Despite, or perhaps because of, these developments, few clinical questions provoke more controversy and debate among cardiologists, internists, and nephrologists than decisions about the optimal management of patients with main renal artery stenosis.
Even well-informed clinicians from different subspecialties hold widely divergent opinions about the role of renal revascularization, particularly for atherosclerotic disease. Studies of Medicare claims data indicate that application of peripheral intervention procedures varies Ͼ14-fold between various parts of the country. 1 Some of those from interventional subspecialties (primarily interventional radiology and cardiology) emphasize the major benefits now available from endovascular procedures, including the use of stents. They argue that revascularization offers the potential to improve or reverse renovascular hypertension, to salvage or preserve the renal circulation and renal function, and to improve the management of patients with refractory forms of congestive heart failure. 2 A recent review of the use of percutaneous renal artery procedures among Medicare beneficiaries confirms a rise from 7660 claims in 1996 to 18 520 claims in 2000, primarily because of a 2.8-fold increase in procedures by interventional cardiologists. 3 Many in the nephrology community review the same published literature and reach nearly opposite conclusions. They argue that recent prospective studies fail to reveal major benefits of blood pressure control related to renal revascularization, that the risks of complications from interventional procedures are substantial, including uncommon but sometimes devastating loss of renal function resulting from atheroembolic disease. 4 Despite a wave of enthusiasm in the early 1990s to identify and reverse "ischemic nephropathy" for patients with advanced kidney disease, disappointing results after intervention have made many nephrologists more conservative toward renal intervention than before. 5 Where are we now with regard to our understanding of renal artery disease? This discussion addresses advances related to renovascular hypertension, ischemic nephropathy, and cardiovascular disease risk associated with renovascular disease. Detailed examination of evolving imaging methods is beyond the scope of this review. More than ever, clinicians caring for patients with renal arterial disease need to balance carefully the risks and benefits of both medical management and the timing of renal revascularization. This review summarizes the current state of renovascular disease from this perspective, focusing primarily on the problem of atherosclerotic renal artery stenosis.
Epidemiology of Renovascular Disease
The vast majority of renal arterial lesions reflect either a variant of fibromuscular dysplasia (FMD) or atherosclerosis. Most FMD lesions are caused by medial fibroplasia ( Figure  1A) , consisting of banded lesions in the mid portion of the renal arteries. Screening angiography in potential kidney donors indicates that such lesions can be asymptomatic and may be detected in up to 3% to 6% of normotensive individuals. 6, 7 The characteristics of these lesions, the likelihood of progression, and their response to revascularization have been reviewed recently. 8 When they reach sufficient hemodynamic severity to produce renovascular hypertension, they most commonly affect women between 15 and 50 years of age. 9 When a population of "resistant hypertensives" were screened by angiography, 16% had FMD. 10 Atherosclerotic disease is the predominant lesion detected in patients Ͼ50 years of age ( Figure 1B) . The prevalence and impact of these lesions appear to be increasing, in part because of the aging US population and improved survival from other vascular disease, including stroke and myocardial infarction. Population-based studies indicate that hemodynamically significant stenosis (Ͼ60% lumen occlusion based on Doppler flow studies) is common (6.8% of individuals Ͼ65 years of age, more common in men [9. 1%] than women [5.5%]). 11 Renal artery stenosis resulting from atherosclerotic disease is common in individuals undergoing coronary angiography (18% to 20%) 12 and in those undergoing peripheral vascular angiography for occlusive disease of the aorta and legs (35% to 50%). 13 The large majority of patients with atherosclerotic disease have preexisting hypertension, which is an independent predictor of the presence of renal arterial disease in most series. 14 How often are elevated blood pressures in these studies caused by, or even remotely related to, the presence of the renal artery lesions? This question continues to plague clini-cians and complicates decision making. Many authors emphasize the fact that identifying the presence of a renal artery lesion is quite separate from identifying true "renovascular hypertension," which depends on the sequence of events resulting from reduction of perfusion pressure to the poststenotic kidney (see below). 15 Series of hypertensive patients subjected to detailed evaluation suggest that Ͻ1% to 3% have renovascular hypertension. 16, 17 We have argued that atherosclerotic renal artery stenosis produces a spectrum of clinical syndromes ranging from incidental lesions to advanced disease as illustrated in Figure 2 . Many individuals with atherosclerotic renal artery lesions have years of preexisting essential hypertension, active smoking histories, and coexisting diabetes mellitus. 14 The age of interventional series has risen progressively over the past decade. 18 The clinical picture of atherosclerotic renal arterial disease now is typified by an older person with years of preexisting hypertension detected only after abrupt acceleration of hypertension, sometimes with a new target event such as stroke. Many of those identified in the seventh and eighth decades likely have the opportunity to progress to clinical disease because of reduced mortality related to coronary and cerebrovascular diseases observed over the past 30 years. These features become central to estimating the likelihood of benefit with regard to renal revascularization and the practicalities of managing older subjects for whom "competing risks" sometimes may be so great as to outweigh the benefits of moderately improving blood pressure control.
Screening Studies and "Drive-By Angiography"
Identification of new hypertension in the 1970s commonly led to an extensive workup as a first step to "exclude" secondary causes of hypertension. The low diagnostic yield and high costs led to abandoning routine evaluation of such patients. Recent guidelines from the Joint National Commission (JNC VII) recommend only basic laboratory studies to define the level of kidney function, electrolyte status, glucose intolerance, lipid panel, and target organ damage. 19 Recognition of the frequent coexistence of atherosclerosis in coronary and peripheral vascular beds has led some to recommend including routine aortography as part of angiographic studies. 20 The additional contrast burden and risks induced by including an aortogram are low. The quality of images appears satisfactory in most cases in several series. It may be argued that identification of unsuspected lesions provides important prognostic information and can determine the need for follow-up with regard to disease progression. Whether incidentally detected renal arterial lesions should be treated with endovascular stent procedures is highly controversial. 4, 21 Our view is that, although an aortogram is relatively benign in itself, endovascular intervention carries definite risks that should be weighed against the likely benefits, exactly as one would do for any other vascular lesion (see below). The "string-of-beads" appearance typically develops in the mid portion of the vessel from circumferential webs within the vessel. These lesions may progress, particularly in smokers. B, MRA from an individual with atherosclerotic disease affecting the renal arteries. These lesions commonly arise near the ostium of the vessel and may be an extension of aortic plaques. Such lesions are detected as incidental findings in 6.8% of a general population Ͼ65 years of age and are even more prevalent in subjects with clinical coronary or peripheral vascular disease (see text).
Figure 2.
Schematic summary of the clinical manifestations of renovascular disease. For many individuals, these lesions are incidental findings of no hemodynamic importance. With increasing severity and duration, syndromes of renovascular hypertension and acceleration of cardiovascular morbidity can develop; in some cases, the viability of kidney function beyond the stenosis can be threatened (ischemic nephropathy). Clinicians routinely must make judgments about the role of vascular disease for a particular patient to establish the potential balance of risks and benefits from renal revascularization. Adapted from reference 118, with permission from Elsevier.
Pathophysiology of Renovascular Hypertension
The seminal studies of Goldblatt et al 22 in the 1930s demonstrate that reduction of perfusion to the kidney can produce sustained elevation of arterial pressure. Later work identified activation of the renin-angiotensin-aldosterone system as a central component of this process. 23, 24 Soon after the first orally active ACE inhibitor, captopril, was introduced, experimental studies confirmed that 2-kidney-1-clip renovascular hypertension in the rat could be prevented indefinitely by blocking this system. 23 Recent studies in "knockout" mice without angiotensin type 1 receptors confirm that renal artery clipping requires these receptors to produce 2-kidney-1-clip hypertension. 25 A series of studies indicates further that 2-kidney-1-clip hypertension (analogous to unilateral renovascular hypertension in humans) differs from 1-kidney-1-clip models. 26 In unilateral renal artery stenosis and its experimental correlate, 2-kidney-1-clip hypertension, the rise in blood pressure is associated with elevated plasma renin activity. The nonstenotic kidney is subjected to higher perfusion pressures and responds with "pressure natriuresis" that lowers the blood pressure by excreting sodium. The fall in pressure, however, again reduces perfusion to the stenotic kidney. Decreased renal perfusion pressure, in turn, drives the release of renin. The ability of the nonstenotic kidney to respond to elevated blood pressure with pressure natriuresis is impaired, partly as a result of elevated angiotensin II levels. 27 The latter not only directly stimulates aldosterone secretion and distal sodium reabsorption but also causes renal vasoconstriction that reduces plasma flow and enhances sodium reabsorption in both proximal and distal tubules. Thus, this model of renovascular hypertension is angiotensin II dependent and characterized by elevated plasma renin activity. 28 In contrast, experimental 1-kidney-1-clip hypertension reflects a balance between angiotensin II-dependent and volume-dependent mechanisms. 26 This process in humans corresponds to bilateral renal arterial disease or stenosis to a solitary functioning kidney. In the absence of a normally perfused contralateral kidney, 1-kidney-1-clip hypertension cannot excrete sodium in response to the rise in arterial pressure from angiotensin II. Sodium and water retention lead to volume expansion as the primary mechanism for hypertension. This expansion suppresses plasma renin activity and lowers angiotensin II levels. Hence, plasma renin activity is normal, and blood pressure does not fall with angiotensin receptor blockade. 29 Depletion of sodium with reduced intake and/or diuretic administration converts this sodiumdependent model of renovascular hypertension to an angiotensin-dependent model. 26 Hence, sodium and/or volume expansion is capable of suppressing the renin-angiotensin system, even in renovascular disease. Mechanistic differences underlying unilateral and bilateral disease and, specifically, renin release have consequences for diagnostic testing that relies on renin measurements, as discussed below.
Human studies tend to support these observations. Studies of renal vein renin activity indicate that a stimulatory maneuver such as diuretic and/or a vasodilator administration raises renin activity in the affected kidney, which is suppressed before the maneuver. 30 A large body of experience indicates that when renal vein renin levels lateralize to one kidney, the likelihood of a favorable blood pressure response to renal revascularization exceeds 90%. Remarkably, when these levels fail to lateralize, the likelihood of benefit still approaches 50%, partly because of failure to standardize renin sampling sufficiently and to achieve sodium depletion. As a result, the ambiguity of these studies and the fact that sodium retention develops even more commonly in patients with renal dysfunction make measurement of renal vein renin levels of limited value in practice. Confirming lateralization of renin production, however, does have a role in planning more drastic interventions such as unilateral nephrectomy for a "pressor kidney." 31, 32 
Recruitment of Additional Pressor Mechanisms
Activation of the renin-angiotensin system in response to renal artery stenosis is an essential but transient phenomenon.
In some models, renin activity returns to "normal" levels for a period of time during which removal of the renal artery lesion still allows recovery to normal blood pressures. 33 Recent studies in experimental models demonstrate "recruitment" of additional vasoconstrictive mechanisms, including oxidative stress, that no longer depend directly on angiotensin II. 34 Angiotensin II is known to alter vascular oxidativereduction pathways by changing the kinetics of NAD(P)H, leading to overproduction of reactive oxygen species such as peroxynitrite, hydroxyl radical, and hydrogen peroxide. 35 In the pig model, the rise in arterial pressure correlates most closely with the rise in stable metabolites of these oxidative products such as isoprostanes. 36 Similar processes underlie the "slow response" to angiotensin II, leading some authors to believe that even subpressor levels of angiotensin are fundamentally responsible for vascular resistance in this phase. 37 Some of these systems are shown in Figure 3 . Recent work indicates that endothelial dysfunction, reflecting impaired vasodilatation to acetylcholine, is found in human patients with renovascular hypertension. This endothelial disturbance can improve after successful renal revascularization. 38, 39 Experimental studies in a pig model of renovascular disease emphasize that cholesterol feeding itself can produce endothelial abnormalities that are magnified in the presence of renal artery stenosis. 36 These data support the hypothesis that complex interactions between vascular injury related to dyslipidemia, smoking, diabetes, and blood pressure itself accelerate target organ injury related to renovascular hypertension.
Other systems, including the release of endotheliumderived endothelin, appear to be activated during the development of renovascular hypertension, particularly in the presence of atherosclerosis. 40 Increased activity of the sympathetic nervous system is commonly observed, potentially mediated by disturbed afferent signals from the underperfused kidney and/or augmentation of nerve stimuli in the presence of angiotensin II. 41 Aldosterone levels appear to be higher in patients with renovascular hypertension during the long term. 42 This hormone is now recognized to participate in regulation of tissue fibrosis and left ventricular hypertrophy, in addition to its effects on sodium retention. 43
Impaired Renal Function
For the purposes of this discussion, "ischemic nephropathy" refers to impairment of renal function beyond occlusive disease of the main renal arteries. It should be emphasized that deterioration of renal function does not necessarily reflect true "ischemia." Because a major function of the kidney is filtration, blood flow to the kidney provides a vast oversupply of oxygenated blood per se. Less than 10% of the blood flow is needed for metabolic requirements of the kidney. 44 Some authors prefer the term "azotemic renovascular disease" to avoid the supposition that loss of renal viability is necessarily related directly to impaired oxygenation. 45 To materially affect renal function on a vascular basis alone, the entire renal mass must be affected. Thus, a reduction in glomerular filtration rate (GFR) for patients with unilateral renovascular disease implies some other parenchymal disease in the contralateral kidney and rarely improves after renal revascularization. 46 Reduction of systemic arterial pressures proximal to critical lesions thereby induces hypoperfusion to the distal arterial segments, sometimes below levels needed for autoregulation of blood flow. Reduction of perfusion pressure to the kidney invariably activates pressor mechanisms to restore renal perfusion, including activation of the renin-angiotensin system, adrenergic stimuli, and other mechanisms. 34 Further occlusion again reduces perfusion to the renal circulation and triggers a repeated cycle of elevation of systemic pressures. Unless interrupted, this sequence ultimately produces malignant-phase hypertension.
In clinical settings, antihypertensive therapy is directed at lowering systemic pressures to achieve proven benefits in reducing cardiovascular morbidity. The price of lowering pressure for patients with renovascular disease may be underperfusion of the poststenotic kidney(s). This can develop during therapy with any antihypertensive agent and can produce a loss of GFR when perfusion pressures fall below those needed for autoregulation. 47 Revascularization of the kidney can remove the pressure dependence of GFR in such patients. 48, 49 What are the pathways by which renal interstitial fibrosis develops beyond a vascular lesion? Recent studies in a swine model of atherosclerosis shed some light on this process. 34 When cholesterol feeding is combined with renal artery stenosis, magnification of oxidative stress pathways develops. Tissue fibrogenic cytokines are stimulated in the kidney, reflected by increased transforming growth factor-␤, nuclear factor-B pathways, and others. 36 Pathways normally leading to clearance of apoptotic stimuli such as metalloproteinases sometimes are suppressed within the kidney. 50 Experimental studies demonstrate that repetitive acute insults to the rat kidney can produce acute tubular injury capable of recovery after each episode. However, these repeated insults are capable of provoking mechanisms that produce tubulointerstitial fibrosis much later, which is no longer reversible. 51 Hence, episodic tissue underperfusion, especially when combined with early atherogenic stimuli, activates an entire fibrogenic cascade in the kidney.
The complexity and variability of this process between individuals cannot be overemphasized. Although occasionally patients with advanced renal dysfunction and high-grade vascular occlusion respond with meaningful recovery of kidney function after renal revascularization, this result is not common. In most series of patients with impaired renal function before revascularization, little or no recovery of GFR follows either surgical or endovascular restoration of blood flow. 45 Establishing the time course and governing factors related to postocclusive renal fibrosis, determining the potential salvageability of kidney tissue, and recovery of glomerular filtration represent important areas of ongoing research in this field. 52
Clinical Manifestations of Renovascular Disease
Early studies of hypertensive patients found few major differences between clinical manifestations of patients referred for renovascular surgery and those with essential hypertension. 53 A predilection for hypokalemia, an absent family history of hypertension, and several other features favor renovascular hypertension, but these differences are . Schematic of pressor mechanisms identified in renovascular hypertension. Reduced perfusion to the kidney activates release of renin, which ultimately amplifies systemic signals to restore renal artery pressures. These signals include sodium retention and recruitment of additional vasoconstrictor pathways (see text). Blockade of angiotensin generation or genetic knockout of angiotensin receptors can prevent this sequence, although some of the later signals no longer depend entirely on the renin-angiotensin system. small and have low predictive value. Recent studies in patients referred for "resistant hypertension" indicate that a clinical score comprising the presence of clinical vascular disease, abdominal bruits, body weight, smoking, and several other elements is nearly as predictive of renovascular disease (Ͼ50%) as findings on nuclear renography. 10 More recent data indicate that renovascular disease is associated with increased sympathetic neural activity, reflected as blood pressure variability and larger standard deviations during 24-hour ambulatory blood pressure monitoring. 42 Target organ injury, including left ventricular hypertrophy, is more severe than that observed with essential hypertension, despite similar levels of "casual blood pressure." Patients describe "flushing," rapid blood pressure swings, and autonomic instability sometimes suggestive of pheochromocytoma. The usual nocturnal blood pressure fall often is absent, producing more sustained hypertension during the 24-hour period. When blood pressure rises rapidly in the presence of high angiotensin II levels, a syndrome of hyponatremia and malignant-phase hypertension has been reported. 54 Atherosclerotic renovascular disease is commonly associated with reduced GFR, albeit to modest degrees. Studies of renal blood flow and the response to vasodilators (eg, papaverine) using intravascular ultrasound demonstrate reduced flow "reserve" beyond high-grade vascular stenosis. 55 Successful revascularization restores the response to vasodilation. Careful studies of transplanted kidneys with measurement of both blood flow and GFR before and after angioplasty indicate that percutaneous transluminal renal angioplasty (PTRA) is capable of restoring laminar blood flow and sodium excretion, even without measurable change in GFR. 56 Hence, blood flow and GFR can be dissociated under conditions of reduced perfusion pressure. This is regularly observed during administration of agents blocking the renin-angiotensin system. Removal of angiotensin II, which acts preferentially on the efferent vasculature beyond the glomerulus, can produce sudden drops in filtration pressure and therefore a fall in GFR without much change in systemic pressure. This commonly leads to a rise in serum creatinine within the first few days of either ACE inhibitor or angiotensin receptor blockade therapy. [57] [58] [59] [60] In a group of 258 subjects subjected to endovascular stenting between 1996 and 2000, the mean serum creatinine was 1.6 mg/dL ( Figure 4) . When the Modified Diet in Renal Disease equation is applied to calculate GFR, the vast majority (84.8%) of these individuals had stage 3 to 5 chronic kidney disease, with GFR levels Ͻ60 mL · min Ϫ1 · 1.73 m Ϫ2 . Recent epidemiological data reinforce the observation that reduced GFR in these ranges is a strong independent predictor of cardiovascular risk. Hence, it is not surprising that even for successfully treated individuals with renal artery stenosis, subsequent cardiovascular morbidity and mortality rises in close parallel with final levels of kidney function. 61 These observations offer an important corollary to the recognition that patients with atherosclerotic renovascular disease do not commonly progress to end-stage renal disease. Instead, they are far more likely to be at accelerated risk for stroke, congestive heart failure, and myocardial infarction.
Some patients develop refractory fluid retention related to impaired renal perfusion. This sometimes presents as "treatment-resistant" circulatory congestion, often out of proportion to the degree of myocardial pump failure. This may simply reflect sodium avidity resulting from reduced renal perfusion pressure or, in some cases, acute decompensation of left ventricular function related to abrupt rises in arterial pressure during volume expansion. 62 Empirically, this diagnosis is confirmed by clinical improvement after successful renal revascularization, which can break the pattern of repeated hospital admissions for congestive heart failure. 2, 63 As a practical matter, the course of evaluating patients with unexplained renal dysfunction, rapidly changing arterial pressures, and/or treatment-resistant circulatory congestion should include measures to exclude clinically important renovascular disease. Some series report a prevalence of renal artery stenosis exceeding 30% of patients admitted to hospital for congestive heart failure. 64
Diagnostic Tests and Imaging
Numerous studies in the 1970s and 1980s focused on functional measurement of activation of the renin-angiotensin system as a diagnostic clue to renovascular hypertension. These included stimulation (with diuretics, administration of ACE inhibitors) and blockade with angiotensin receptor blockers (eg, substituted peptides such as Sar-1-ala-8-angiotensin II) sometimes combined with functional or radionuclide imaging. [65] [66] [67] Although these provide insight into the dynamics of blood pressure control and effects on the kidney, they generally fail as diagnostic studies because of the broad overlap with other causes of hypertension and the confusion presented by the changing conditions of study, as noted above. Their predictive value related to the outcome of renovascular intervention has typically been Ͻ50%. 68 As noted below, critical decisions about vascular intervention now more often revolve around the timing than the specific diagnosis of renovascular hypertension. The past decade has brought major advances in noninvasive imaging of the renal vasculature. Although a detailed discussion of these techniques is beyond the scope of this review, several points merit emphasis with regard to distinguishing renal artery stenosis and true renovascular hypertension. Remarkably, many renal artery lesions are discovered incidentally during vascular imaging for other purposes.
It may be argued that the major responsibility of the clinician is to decide responsibly when to follow through with additional studies and/or to proceed to further vascular intervention procedures. The threshold for performing imaging procedures depends primarily on the importance of excluding high-grade stenosis before proceeding on longterm medical therapy and on one's commitment to acting on the information obtained, ie, to proceed with revascularization procedures. (Our own indications for considering revascularization, and therefore for imaging the renal vessels, are summarized in Table 3 .) The specific imaging modality depends heavily on precisely what clinical issue is foremost, as we have discussed. 69 When the primary question is whether renovascular disease is bilateral or unilateral, a direct imaging mode such as MR angiography (MRA) likely provides far more useful information than a captopril renogram.
MRA and CT angiography provide detailed images of the aorta and renal arteries, often allowing identification of multiple vessels. Gadolinium has little nephrotoxicity, and MRA allows the most detailed vascular imaging in patients with renal insufficiency without the hazard of contrast nephrotoxicity. Both CT and MR allow gross estimates of renal size, overall anatomy, and filtration. Several published series indicate that both MRA and CTA provide reliable identification of atherosclerotic renal artery disease of the proximal arterial segments with sensitivity and specificity Ͼ90%. 70, 71 A recent prospective study of Ͼ356 patients subjected to both examinations and digital angiography suggested substantially lower (64%) sensitivity . 72 This observation must be tempered by the fact that Ϸ38% of renovascular lesions identified were due to FMD in medial and distal segments, areas known to be less well visualized by MRA.
Doppler ultrasound provides high specificity in highly competent laboratories. When vessels can be correctly identified and studied, a positive finding is rarely disproved by angiography. Although ultrasound provides only minimal information about the function of kidneys, it can provide reliable hemodynamic assessment of arterial lesions and identify gross structural abnormalities related to kidney size. Some authors argue that Doppler examinations provide more physiological and relevant information than even intra-arterial angiography and thereby should be considered the true gold standard. 73 Measurement of diastolic blood flow velocity (usually expressed as resistive index) can indicate smallvessel disease and parenchymal fibrosis. When this exceeds 0.80, the likelihood of improved blood pressure or improved renal function after renal revascularization is low. 74 Limitations of Doppler ultrasound are often related to inadequate examinations, particularly in obese individuals. It is among the least expensive means of evaluating the vasculature and can be applied to serial measurements of stenotic vessels to monitor disease progression.
Captopril renography is widely applied but has limited value, particularly in patients with renal insufficiency. If lesions are bilateral, no differences between kidneys may be identified.
Management of Renovascular Hypertension
Listed in Table 1 are several forms of therapy applied to renovascular hypertension. They are listed to underscore the broad range of tools available. It should be emphasized that therapy must be highly individualized, depending on the circumstances of the patient. Most patients will be treated with intensive medical intervention both before and after renal revascularization. Hence, clinicians face the responsibility mainly of establishing timing and risk-to-benefit ratios of both follow-up medical therapy and vascular intervention.
Medical Therapy of Renovascular Hypertension
Most patients with renal artery stenosis come from the population with preexisting essential hypertension and other atherosclerotic disease. Hence, antihypertensive drug therapy, withholding tobacco use, and reducing LDL cholesterol are mainstays of treatment both before and after renal revascularization. Many older patients with renal arterial disease have reduced GFR, as illustrated in Figure 4 . Selection of specific antihypertensive drug therapy is based not on the presence of renal artery stenosis but on comorbid disease risk. Current JNC VII guidelines propose target blood pressure levels of Ͻ130/80 mm Hg for individuals with measurable loss of kidney function. 19 Some reports indicate that aggressive lipid reduction may lead to regression of atherosclerotic disease, which in fact has been observed sometimes in the renal arteries. 75 It is now evident that the renin-angiotensin-aldosterone system plays a major role in regulating vascular tone and sodium and water balance in many conditions. These include not only the clinical syndromes of renovascular hypertension but also proteinuric kidney disease (both diabetic and nondiabetic), left ventricular hypertrophy, and congestive heart failure. Specifically, elevated levels of angiotensin II and aldosterone lead to effects both through hypertensive injury and activation of profibrotic and atherosclerotic pathways. 76, 77 The latter includes stimulation of growth factors such as transforming growth factor-␤, leading to inflammation, fibroblast formation, and collagen deposition. In the kidney, glomerulosclerosis and tubulointerstitial fibrosis ensue. In the heart, angiotensin II activation has been associated with myocyte and left ventricular hypertrophy, collagen deposition, myocardial fibrosis, 78, 79 and atherosclerotic and prothrombotic effects in the coronary circulation.
Consequently, many patients with renovascular disease will be candidates for ACE inhibitor therapy (and/or angiotensin receptor blockade) on the basis of other compelling indications such as diabetes, congestive heart failure, or high cardiovascular risk. Clinical data suggest that survival of patients with renovascular hypertension is better when ACE inhibitors are part of therapy than when they are not. 80 The clinical outcomes and survival during medical therapy of high-grade renal artery stenosis appear to be comparable to those with revascularization when goal blood pressures are achieved. [81] [82] [83] Importantly, most patients will continue to require complex antihypertensive regimens after successful renal revascularization. 84, 85 Although some reports indicate that fewer drugs may be required, this is not universally observed. The major additional benefit of renal revascularization in many cases is the ability to achieve goal blood pressures. Whether those individuals already treated effectively to goal blood pressures gain much from revascularization is debatable.
Role of ACE Inhibition and Angiotensin Receptor Blockade
The introduction of antihypertensive agents capable of blocking the renin-angiotensin system has been especially important for patients with renovascular hypertension. Starting in the early 1980s, several trials evaluating the use of ACE inhibitors to treat renovascular hypertension reported marked improvement in blood pressure control compared with previous regimens that often failed. 86, 87 As a result of wider use of these agents for other indications, it is likely that many individuals with renovascular hypertension are never detected. They are simply treated.
A major concern in the use of ACE inhibitors for renovascular hypertension is their potential to cause functional acute renal failure. 88 The mechanism of acute renal failure relates to the inhibition of the compensatory mechanisms that develop beyond a stenotic lesion. Poststenotic reduction in renal perfusion pressures stimulates release of renin and angiotensin II, resulting in vasoconstriction of the efferent arteriole that preserves glomerular capillary filtration pressure. Administration of ACE inhibitors (or angiotensin II receptor blockers) and the subsequent relaxation of the efferent arteriole can reduce glomerular capillary hydrostatic pressure enough to cause a decrease in glomerular ultrafiltration. This loss of filtration produces a rise in serum creatinine. The distinctive feature of ACE inhibitors is their ability to lower transcapillary filtration pressures by their effects on efferent arteriolar tone and to decrease GFR without major changes in blood flow to the glomerulus. 89 Filtration usually recovers rapidly after discontinuation of the offending drug. 57 A fall in GFR during antihypertensive therapy is not specific to ACE inhibitors. Whenever drug therapy reduces systemic blood pressure sufficiently to impair blood flow beyond a stenotic lesion beyond the range of autoregulation, renal function declines. 90 Remarkably, literature reports of irreversible renal insufficiency resulting from renal artery thrombosis are rare. 91 Under these conditions, both GFR and blood flow seem to be severely compromised, resulting in irreversible renal damage.
As a result, it is essential that clinicians exert caution when starting an ACE inhibitor in patients with known or suspected renal artery disease with close follow-up of kidney function and potassium levels. 59 Observing a significant fall in GFR (commonly defined as a 30% fall in calculated GFR or a rise in serum creatinine Ͼ0.5 mg/dL) itself may be an indication to consider the need for renal revascularization.
In unilateral renal artery stenosis, the affected kidney frequently has reduced filtration without measurable changes in creatinine. 92 Changes in total GFR are minor, presumably because of a compensatory increase in GFR by the contralateral kidney. Clinically significant loss of GFR during treatment with ACE inhibitors happens in only a fraction of treated patients, usually in those with vascular stenosis that affects the entire functional renal mass (bilateral renal artery stenosis or stenosis to a solitary kidney). Initial studies reported renal failure in one fourth to one third of patients with either bilateral renal artery stenosis or stenosis to a solitary kidney who received ACE. 60 In a review, 269 patients treated with the captopril Hollenberg reported a lower incidence: Of 136 (51%) patients with either bilateral renal artery stenosis or stenosis to a solitary kidney, only 8 (5.8%) developed progressive acute renal failure within the first month of treatment. 93 In all but 1 patient, the changes in creatinine were reversible after discontinuation of captopril. The efficacy and safety of ACE inhibitors were examined in a prospective randomized double-blind study of 75 patients with renovascular hypertension that compared an enalaprilbased regimen with triple therapy without an ACE inhibitor. 87 An increase in the serum creatinine level was observed in 10 patients (20%) in the enalapril group compared with 3% in the control group. No oliguric renal failure occurred in the enalapril-treated group, although the largest increase in creatinine was noted in this group, specifically among the patients with bilateral renal artery stenosis and preexisting renal insufficiency. Taken together, ACE inhibitors usually can be used for treatment of renovascular hypertension without important loss of GFR.
In addition to global renal ischemia (either bilateral renal artery stenosis or stenosis to a solitary kidney), recognized risk factors that predispose to developing renal failure during ACE inhibition include congestive heart failure, treatment with vasodilators or diuretics, and volume contraction. Patients with CHF sometimes develop an exaggerated response to blood pressure medications and a propensity to develop hypotensive episode that may precipitate acute deterioration of renal function. In addition, standard treatment of these patients with sodium restriction and diuretics can lead to chronic volume depletion and inability to tolerate further volume loss that may occur with intercurrent illness such as vomiting and diarrhea. Remarkably, prospective trials of ACE inhibition in patients with congestive heart failure are reassuring with respect to the percentage of patients who developed a rise in creatinine leading to withdrawal of these agents (1% to 2%). 94 In current practice, the emphasis is on early recognition of potential risk factors for ACE inhibitor-induced renal side effects and close monitoring of this group of patients. 94 In high-risk patients, particularly those with heart failure, most investigators would agree that diuretics should be withheld before initiation of ACE inhibition. 95 Some patients with elevated creatinine can be treated with discontinuation of diuretics rather than ACE inhibitors. 96 Intercurrent illnesses leading to volume depletion (vomiting, diarrhea) and consequent rise in creatinine should be treated with saline infusion and discontinuation of ACE inhibitors during the acute illness. With a reduction in perfusion pressure, renal blood flow becomes highly dependent on vasodilatory prostaglandins. 97 Concurrent use of nonsteroidal antiinflammatory drugs should be strongly discouraged because acute reduction in renal function may ensue. Volume management with judicious use of diuretics and close monitoring of renal function is crucial during the chronic treatment with ACE inhibitors in these patients.
Role of Renal Revascularization
At first glance, restoring the renal circulation in the presence of occlusive vascular disease ought to provide obvious therapeutic benefit. Many patients with intractable renovascular hypertension and some with renal insufficiency experience major recovery. In practice, however, both endovascular and surgical procedures continue to introduce costs and risks that limit their universal application. This is particularly the case for many renovascular lesions that pose no immediate hazard or risk of progression. Therefore, establishing appropriate timing and the optimal role for renal revascularization has proved to be daunting. At the base of this debate lies the ambiguity of both the benefits obtained and the risks posed by manipulation of the diseased aorta and renal arteries. Sufficient prospective, controlled data are not yet available to provide clear guidelines. A recently approved prospective trial, Cardiovascular Outcomes in Renal Artery Lesions (CORAL), beginning in 2005 will examine the effect of intensive medical management with or without stenting on cardiovascular events. The simple fact that such a randomized trial can be approved underscores the ambiguity remaining in this field. Hence, we will attempt to summarize current data into a perspective useful to the active clinician.
Surgery, PTRA, and Stenting
Beginning in the 1980s, percutaneous procedures offered the potential to open partially occluded vessels in patients for whom surgical risks prevented open repair. Renal artery surgery still offers major benefits for patients undergoing surgical repair of the aorta, for patients undergoing nephrectomy, and for patients with complex disease of the renal arteries, eg, associated renal artery aneurysm or failed endovascular procedures. 32, 98, 99 Surgical procedures may include renal artery bypass grafting, endarterectomy, or occasionally "extra-anatomic" repair using anastomosis to the hepatic or splenic arteries. The introduction of stents has now extended the efficacy of endovascular techniques to ostial lesions with technical success possible in nearly 100%. A randomized study of 85 patients with ostial atherosclerotic renal artery stenosis reported improved primary patency in patients treated with stents (75%) compared with angioplasty alone (29%) at a 6-month follow-up. 100 Remarkably, improved vessel patency in patients who were treated with stents did not result in better blood pressure and renal outcomes, although longer follow-up was not available. With continued improvement in technique, expanded use of endovascular procedures has led to a major decline in surgical procedures for reconstruction of the renal arteries over the past decade. 3 Results of PTRA with and without stenting have been summarized in several publications. 18, 101 In most instances, authors consider hypertension outcomes in terms of cured (normal arterial pressures without antihypertensive therapy), improved (usually defined as lower arterial pressures by at least 10 mm Hg during follow-up visits with the same medications or similar pressures with reduced medication requirements), or no change. Unfortunately, details about methods of measuring blood pressure, length of follow-up, and specific medication dosage and class vary widely between studies, as has been reviewed. 102 Several of the most recent series indicate that hypertension is cured only rarely (Ͻ10%) in patients with atherosclerotic renovascular disease. Ranges for improved vary from 29% to 75%. Little or no change in either blood pressure control or medication requirements is reported in 30% (range, 0% to 54%) of treated patients. Overall, group blood pressure changes commonly approach 25/10 mm Hg reduction. 103 Such improvements in blood pressure control for an individual can mean major benefits with regard to reduced risk of stroke, congestive cardiac failure, and reduced medication requirements ( Figure 5 ).
Remarkably, only 3 randomized trials with a total of 210 patients have compared medical management versus PTRA prospectively. 104 -106 To their credit, these trials attempted to standardize blood pressure measurement before and after revascularization. The results of these trials are summarized in Table 2 . Compared with retrospective reports, the results of these prospective studies indicate lower benefits from angioplasty than expected. Taken individually, these studies demonstrate modest, if any, advantage of vascular intervention over medical treatment in blood pressure control. One trial demonstrated improved blood pressure control for patients with bilateral but not unilateral renovascular disease. The validity of this conclusion must be interpreted within the limitations of each of these trials. They included a small number of patients, relatively short follow-up, and failure to report pre-enrollment changes in blood pressure and creatinine over time, which might have accounted for differences between the groups at the time of enrollment. 107 In 2 of these studies, 7 of 26 (27%) and 22 of 50 (44%) patients who were initially assigned to medical therapy crossed over to the PTRA group because of refractory hypertension or progressive occlusive disease. Crossover patients were included in the medical group in each case for intention-to-treat analysis. From this point of view, results in crossover patients support the role of PTRA for a subset of patients with renovascular hypertension refractory to medical therapy. Two meta-analyses of these trials independently reported that, compared with medical therapy, PTRA was more effective in reducing blood pressure. In one study, comparison of the mean change (baseline to 6 months) between groups showed greater reductions in both systolic (6.3 mm Hg; Pϭ0.02) and diastolic (3.3 mm Hg; Pϭ0.03) pressures in the angioplasty group. 108 No clear benefit in terms of serum creatinine change from baseline was observed.
Outcomes with regard to renal function are more ambiguous. Revascularization of atherosclerotic renal arterial lesions for patients with impaired renal function consistently demonstrates, on average, no net change in renal function as determined by serum creatinine or calculated GFR. 45, 103, 109 As we and others have observed, failure to detect group changes obscures the fact that some patients experience major improvements in kidney function. In a series of 304 patients with serum creatinine Ն2.0 mg/dL, 27% experienced a meaningful improvement in creatinine (from 4.4 to 2.3 mg/dL). The bulk of patients (52.6%) had little net change, defined as a change Ͻ1.0 mg/dL, but may be considered to be at less risk of disease progression. The explanation for failure to see overall mean changes derives from the ubiquitous third outcome, namely a rapid further deterioration in kidney function in a subset of patients (20%) with a rise from 3.1 to 6.8 mg/dL. 45 Essentially identical results appear from series with PTRA (22% reported as worse). 110 The explanation for this effect is often attributed to atheroembolic disease but may reflect multiple mechanisms, including vessel dissection or contrast nephropathy. The potential for serious deterioration in kidney function, sometimes developing weeks after the procedure ( Figure 6 ), underscores the need to select patients carefully for vascular procedures in the kidney.
For patients with congestive heart failure and repeated admissions for pulmonary edema associated with renal artery stenosis, successful stenting can produce improved volume management, restored sensitivity to diuretics, and lowered rehospitalization rates. 111, 112 In a series of 39 patients with refractory congestive heart failure, 20 (51.4%) had clinically important improvement in renal function after stenting. 113 Identifying patients likely to have improved blood pressures and renal function after revascularization remains a challenge. An atrophic kidney (Ͻ8 cm) is unlikely to improve after revascularization. Radermacher and colleagues 74 indicate that evaluation of the resistive index by Doppler ultrasound provides a measure of diastolic flows to the kidney and reflects injury to the small vessels. A resistive index Ͼ0.80 suggests that intrinsic renal injury does not respond and argues for lower probability of either improved kidney function or blood pressure after endovascular stenting. Complications of endovascular stenting have been reviewed in several series. These include significant bleeding and vascular injury, segmental infarction, systemic atheroemboli, aortic dissection, stent migration, and thrombosis, to name a few. 114 Studies using distal protection devices to capture dislodged atherosclerotic debris are only now beginning.
Restenosis continues to be identified in 10% to 15% of patients, despite excellent initial results of technical vessel patency. Whether this will abate with coated stent material remains to be verified in the renal arterial bed. These typically develop within the first 6 months and may be treated with repeated angioplasty. These observations underscore the need for serial follow-up of patients with renovascular disease regardless of the therapy chosen. Stenotic lesions are capable of progressing or developing restenosis over time. Hence, serial studies of both stented and nonstented lesions are an important element of management, particularly when suboptimal responses to therapy are evaluated.
Long-Term Outcomes and Rational Management of Renovascular Disease
The goals of therapy for renovascular hypertension center on effective reduction of blood pressure and stabilization of renal function. Atherosclerotic renovascular disease reflects a high overall atherosclerotic burden manifest as coronary, cerebrovascular, and peripheral vascular disease. Hence, outcomes for patients in this age group are determined mainly by cardiovascular events, which appear closely related to the level of kidney function. 61, 115 It should be emphasized that patients with renovascular disease affecting the entire renal mass, with either bilateral disease or stenosis to a solitary functioning kidney, have a worse prognosis. 116 These observations hold regardless of whether the kidney is revascularized. 81 To date, no major differences in patient survival are evident between patients subjected to either surgical or endovascular procedures, although few randomized trials have addressed this issue directly. Resolution of this issue with current patient demographics and optimized medical therapy is a major objective of the CORAL study about to begin.
As with most complex disorders, management decisions must be highly individualized for patients with renovascular disease. It is essential to consider renal arterial disease as one aspect of atherosclerotic disease. Summarized in Table 3 are current indications for considering renal revascularization in our own practice. Regardless of how such patients are identified, close follow-up is essential to determine both the stability and recurrence of vascular lesions in the kidney. The case shown in Figure 5 illustrates the point that high-grade renal arterial disease discovered incidentally can pose no problem for either kidney function or blood pressure for several years. At one point, however, blood pressure began to accelerate and did not respond to the addition of several antihypertensive drugs. 117 Such cases underscore the capacity for clinical circumstances to change and the need to manage vascular disease affecting the kidney carefully over time, as with any other vascular disorder. As long as blood pressure and kidney function are well maintained, expectant management appears to be entirely appropriate. It must be under- Amlodipineϩatenolol or enalaprilϩdiuretic BP indicates blood pressure; CCB, calcium channel blockers; and ACEI, ACE inhibitor. NS is PՆ0.05. Figure 6 . Serum creatinine values in a 63-year-old man with coronary disease and congestive cardiac failure subjected to bilateral PTRA. Despite measures to avoid contrast nephropathy, serum creatinine rose after his diagnostic studies. Renal revascularization was followed by gradual but progressive loss of kidney function, reaching serum creatinine Ͼ10 mg/dL and requiring maintenance hemodialysis over the ensuing weeks. In most cases, these developments are attributed to atheroembolic renal disease. Such cases emphasize potential hazards of aortic manipulation in patients with extensive atherosclerosis.
stood, however, that acceleration of hypertension, renal dysfunction, or target manifestations warrants reevaluation for both disease progression and/or recurrence. The optimal means for protecting kidney function and ensuring cardiovascular protection in the setting of competing risks from other medical conditions warrant careful further study. Circulatory congestion, recurrent "flash" pulmonary edema Refractory congestive heart failure with bilateral renal arterial stenosis ARB indicates angiotensin receptor blockade.
